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ABSTRACT 1 
Substance flow analyses (SFA) of phosphorus (P) have been examined on a national or supra-2 
national level in various recent studies. SFA studies of P on the country scale or larger can have 3 
limited informative value; large differences between P budgets exist within countries and are 4 
easily obscured by country-wide average values. To quantify and evaluate these imbalances we 5 
integrated a country-scale and regional-scale model of the Danish anthropogenic P flows and 6 
stocks. We examine three spatial regions with regard to agriculture, as the main driver for P use, 7 
and waste management, the crucial sector for P recovery. The regions are characterised by their 8 
differences in agricultural practice, population and industrial density. We show considerable 9 
variation in P flows within the country. First, these are driven by agriculture, with mineral 10 
fertiliser inputs varying between 3 and 5 kg ha-1 yr-1, and animal feedstuff inputs between 5 and 11 
19 kg ha-1 yr-1. We identified surpluses especially in areas with a larger proportion of animal 12 
husbandry, owing to additional application of manure in excess of crop P demand. However, 13 
redistribution of the large amounts of P in manure is not feasible owing to transport limitations. 14 
Second, waste management, closely linked to population and industrial density is the driver 15 
behind differences in recoverable P flows. Current amounts of potentially recoverable P cannot 16 
change the reliance on primary P. The most immediate P re-use potential exists in the areas 17 
around the eastern urban agglomerations, from more complete recovery of sewage sludge (with 18 
unrecovered P amounts of up to 33% of P in current mineral fertiliser imports) and the biowaste 19 
fraction in municipal solid waste currently not collected separately (24% of P in current mineral 20 
fertiliser imports), since this region shows both the highest proportion of crop production and 21 
fertiliser use and lowest soil P budget. 22 
 23 
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1. INTRODUCTION 1 
Phosphorus (P), an essential plant nutrient mined from the earth’s crust as phosphate rock, 2 
is a crucial resource for future food security. There is no substitute for P in agricultural 3 
production. From a European perspective, economic P scarcity is a potential geopolitical and 4 
strategic threat, as Europe has very limited rock phosphate reserves within its own territory. In 5 
2012, the EU-27 imported 8230 Gg and exported 60 Gg of phosphate rock (IFA 2013). An 6 
increasing worldwide phosphate demand combined with a high dependence on phosphate rock 7 
imports from a limited number of suppliers outside the EU-28, with Russia and Morocco 8 
providing 49% of imports, may pose geopolitical risks to a safe future supply. While no prospect 9 
of global “peak phosphorus” looms in the foreseeable future, market-caused, demand-driven 10 
peaks, production plateaus, and geopolitical contingencies remain a risk in the short, mid-term, 11 
and particularly long-term supply of P (Scholz & Wellmer 2013). In 2014, phosphate rock has 12 
been included in the EU’s list of critical raw materials (European Commission 2014).    .  13 
Dissipative losses form the flip side of concerns with phosphorus supply, both with regard 14 
to diminishing our ability to recover P, and to the pollution potential of P lost to the natural 15 
environment (e.g. Scholz et al. 2014). The global nature of modern food production has led to the 16 
P cycle being “broken” on a global scale (Ashley et al. 2011), with P-containing fertiliser, 17 
livestock feed and food products being shipped over global distances, adding to the P balance of 18 
importing regions while necessitating the replenishment of soils with fertilisers in exporting 19 
regions. This open cycle repeats itself also on a more local scale, where P is lost dissipatively 20 
through inefficient use in agriculture or in the form of waste, animal manure applied in excess of 21 
plant demand, other organic waste, and waste water, which will be lost if not recycled 22 
appropriately. These waste flows are potential sources of P, and need to be identified and 23 
quantified if the utilisation of P recovered from waste or manure streams in a particular region is 24 
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to be increased, and the dependence on mineral P imports reduced (Smil 2000; Schröder et al. 1 
2011; Cordell et al. 2011). 2 
Agriculture and food production, and the handling of the resulting wastes, are the 3 
quantitatively most important processes in the anthropogenic P cycle. In analyses of the 4 
anthropogenic P cycle, flows to and from agriculture and food production tend to be more than an 5 
order of magnitude larger than other flows (e.g. Chowdhury et al. 2014). These flows provide 6 
significant potentials for recovery and reuse of P, mainly via the solid organic waste and 7 
municipal wastewater (and resulting sewage sludge) streams, as well as the large quantities of P 8 
in animal manure. 9 
The supply, pathways, stocks and losses of P in the anthroposphere have been examined 10 
from a resource perspective on a national or larger level in various recent European studies, e.g. 11 
by Binder et al. (2009) for Switzerland; Ott & Rechberger (2012) for the EU-15; and Egle et al. 12 
(2014) for Austria. P balances with more limited scope on individual economic sectors have been 13 
put forward for Europe e.g. by Sibbesen & Runge-Metzger (1992) on P in European agriculture; 14 
Nesme et al. (2011) on agriculture in Bordeaux, France; Senthilkumar et al. (2011) on agriculture 15 
in selected French regions; Cooper & Carliell-Marquet (2013) on the food production and 16 
consumption system in the UK; and Sokka et al. (2004) on P flows in the Finnish waste 17 
management system. Vinther & Olsen (2013) present a 10-year timeline of nutrient balances 18 
(nitrogen, phosphorus, potassium) in Danish agriculture, calculating overall annual accumulation 19 
and losses. Chowdhury et al. (2014) provide a comprehensive overview of substance flow 20 
analyses conducted for P. 21 
The goal of the present work was to develop a study of a detailed and complete national-22 
scale system of anthropogenic P flows and stocks from a resource perspective, and integrate it 23 
with a more detailed and geographically differentiated analysis. Denmark is an informative 24 
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subject for this study, since it has no noteworthy P deposits and combines a homogeneous 1 
geography with clearly different anthropogenic P cycles within a small area, and industrialised 2 
agriculture and modern waste management with good data availability. Within our national-scale 3 
model, we focus on a regional evaluation of the activities critical for P turnover and recovery in 4 
an economy, namely, agriculture and waste management. Differences in these sectors can be 5 
considerable within a country, and may present a major hurdle to informing P management 6 
policy within a country when linking recovery of P to its reuse in agriculture. Such differences 7 
would remain more obscure in an MFA purely on the country scale. We aimed, first, to assess 8 
anthropogenic P flows for Denmark, both at the scale of the entire country and its economy, and 9 
on a smaller, regional level. The latter was done in order to identify flows and regions holding 10 
potential for increased recycling of P. We divided the analysis into three regions with varying 11 
population densities, and dominated by either pure crop production, animal husbandry, or a more 12 
mixed system with animal husbandry and cropping, leading to imbalanced P management. 13 
Secondly, we discuss the main barriers to more efficient recovery and reuse of P, and quantify 14 
future potentials for substituting mineral P fertilisers and more efficient utilization of P resources 15 
in Denmark.  16 
 17 
2. METHODOLOGY 18 
 19 
2.1.  Material/Substance Flow Analysis 20 
We use the approach of Material, or Substance Flow Analysis (MFA/SFA) as defined by 21 
Baccini and Brunner (1991), in which flows and stocks of a material or substance are quantified 22 
within a spatial and temporal system boundary with all im- and exports, establishing a material 23 
balance of the system. This study was conducted for a substance (P); the term “substance flow 24 
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analysis” is therefore appropriate. Flows, stocks, and stock changes within the system are 1 
quantified. The STAN version 2.5 software (Cencic & Rechberger 2008) was used for 2 
consideration of uncertainties, data reconciliation, and visualization. 3 
 4 
2.2. System definition 5 
 6 
2.2.1. System boundary 7 
We define the spatial system boundary as the land area of Denmark, excluding the Faroe 8 
Islands and Greenland. The hydrosphere is outside the system boundary we consider, as it does 9 
not fully form a part of the anthropogenic P cycle. We consider P flows to water bodies as losses 10 
with respect to resource recovery. The study was conducted for 2011 owing to highest 11 
availability and completeness of data at the time of writing; where data of adjacent years were 12 
available, we used the 3-year average value to account for annual variations. The concentration 13 
on 1 year means that this study is a snapshot not intended or suitable to discuss longer-term 14 
trends and fluctuations; the uncertainty introduced by variations in P flows between years has to 15 
be borne in mind when making statements on such trends. 16 
 17 
2.2.2. Processes and system layout 18 
At the outset of this study, clear differences in agricultural practice and 19 
population/industrial density, especially between the east with the largest urban agglomerations 20 
and the northwest, suggested a partial division of the MFA system into several regions. For a 21 
meaningful assessment of P management in Denmark, a sub-national, regional perspective on 22 
agriculture and waste management is useful. These processes are key to both the anthropogenic P 23 
turnover and the material flows holding potentially recoverable quantities of P. This regional 24 
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division is certainly dependent on the system (i.e. country) and substance under study. The 1 
availability of regionalised data for the majority of P-containing material flows further facilitated 2 
this system layout. We divided the SFA system along administrative borders, which also 3 
corresponded with differences in agricultural practice (e.g. Figure 1): Sjaelland (Zealand) and 4 
region Hovedstaden (the capital region, including the island of Bornholm in the Baltic Sea) in the 5 
east of the country, here denoted region A; Syddanmark (South Denmark) and Midtjylland (Mid-6 
Jutland), region B; and Nordjylland (North Jutland), denoted region C.  7 
 8 
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Figure 1 System overview. Region designations used in this study are Region A: 1 
Hovedstaden (incl. the island of Bornholm) & Sjælland; region B: Midtjylland & Syddanmark; 2 
region C: Nordjylland. Livestock units are livestock normalized by excretion (of nitrogen) of 3 
different types of livestock (Miljøministeriet 2010), used here as a proxy to show intensity of 4 
animal production. 5 
 6 
The differences between P flows are most pronounced between regions A and C. The two 7 
administrative regions we denoted region B show a mix of the characteristics of A and C and 8 
were combined in this analysis; the partly rural capital region was combined with region Sjælland 9 
as region A. The agricultural area of densely populated region A in the east is dominated by 10 
arable crop production, whereas less densely populated region C is dominated by intensive 11 
animal production, mainly dairy and pigs, with associated fodder crop production (Figure 1). 12 
Region B is characterised by intensive animal production in the western part and a less intensive 13 
animal production and more arable crop production in the eastern part, i.e. it is a mix of arable 14 
crop and animal production (for data on livestock production and crop cultivation, see Statistics 15 
Denmark (2013a; 2013 b; 2013g; 2013l, 2013r; 2013v)). The population density in region B also 16 
is between that of A and C. 17 
The SFA model consists of a total of 51 processes and 166 flows, integrating the regional 18 
and country scale in a single SFA system. On the national scale, the system of P flows and stocks 19 
comprises the processes industry & trade, consumption, wastewater treatment, agriculture & 20 
forestry, and waste management. Within the national scale model, the processes agriculture & 21 
forestry and waste management each comprise three more detailed regional sub-systems. 22 
Industry & trade is the process encompassing production, sales and distribution of P-23 
containing goods. Imports and exports are also routed through this process. The process 24 
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consumption handles the end use of P-containing goods by individuals and public entities 1 
including non-agricultural land, with food consumption, waste and wastewater production 2 
dominating the turnover of this process. Wastewater, including industrial wastewater and 3 
wastewater from cesspits of households not connected to public sewers, is handled in the process 4 
wastewater treatment. Agricultural goods and products from forestry are produced in the process 5 
agriculture & forestry, which also includes management of animal manures. Waste management 6 
comprises the processing and handling of solid waste (municipal and industrial solid waste, 7 
compost, agricultural, and garden and park waste) as well as sewage sludge.  8 
On the regional level, the process agriculture & forestry consists of four sub-processes: 9 
agricultural soil, crop production, animal production and biogas production. The term 10 
agricultural soil here applies to the total agricultural area, grassland, and forestry area as 11 
registered by Statistics Denmark (2013b; 2013s; 2013v). The main P inputs into this process are 12 
mineral fertilisers and animal manure applied to land. Other inputs of fertilisers are the 13 
application of compost, digestate, sewage sludge, and the re-application of crop residues (e.g. 14 
straw). The biogas production process was placed in the agriculture & forestry sub-system 15 
(instead of waste management) since plants are predominantly owned by farmers or farmers’ 16 
cooperatives and closely linked to agriculture (Raven & Gregersen 2005). The process comprises 17 
farm-scale and joint (i.e. centralised plants receiving manure from more than one farm) biogas 18 
plants receiving mainly manure and minor amounts of organic food processing waste (e.g. Raven 19 
& Gregersen 2005; Naturstyrelsen 2011; Birkmose et al. 2013). Minor inputs to soil unrelated to 20 
fertilisation result from new seeds and planting material applied on fields, and atmospheric 21 
deposition of P in dust, falling leaves, and bird faeces (EEA 2005). Changes in the annual P soil 22 
stock are shown in this process. The process crop production covers agricultural crops as well as 23 
forestry products, with P uptake by plants from the agricultural soil process as the main input of 24 
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P; outputs are comprised of plant products, wood, feed and fodder for the animal production 1 
process. The process animal production has as its output the animal products meat, including 2 
animals sold or sent for slaughter, milk and eggs, as well as animal manure; the latter is, in terms 3 
of P, the main output of animal production. A minor amount of P, in the form of manure and P-4 
rich wastes from industry, goes into farm-scale and joint agricultural biogas plants.  5 
The process waste management consists of six sub-processes on the regional level, with 6 
the main processes being sludge treatment, incineration, composting, and landfills & 7 
construction. The processes input organic waste and input solid waste are “virtual” processes for 8 
layout and visualization purposes only, and route P flows from inputs of organic waste and other 9 
solid waste to different treatment processes. We show the municipal solid waste (MSW) stream 10 
divided into a biowaste and non-biowaste fraction to visualise the P potential in the former; for 11 
the biowaste fraction of household waste we consider bio-waste as defined in the EU Waste 12 
Framework Directive (European Parliament & European Council 2008), mainly vegetable and 13 
animal food waste with minor amounts of non-source-separated yard waste (Riber et al. 2009). 14 
Apart from the majority of garden waste, at present this is not generally collected separately in 15 
the Danish MSW management system. The recycling flow mostly comprises slaughterhouse 16 
waste, such as processed meat and bone meal partly used as animal feed for the fur industry (see 17 
Fødevarestyrelsen 2015). Sewage sludge from the wastewater treatment process is further 18 
handled in the waste management process and the sludge treatment process in the regional waste 19 
management sub-systems. The landfilled fractions of solid waste, as well as residues from 20 
incineration of solid waste or sludge to be landfilled or reused in the construction sector, are 21 
routed to the process landfill & construction, with the annual accumulation (in landfills and 22 
cement kilns) indicated.  23 
 24 
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2.3 Data sources and uncertainty assessment 1 
Official statistical data form the basis of this study; the main sources are Statistics 2 
Denmark, the Danish Environmental Protection Agency (Miljøstyrelsen), the AgriFish Agency 3 
(Naturerhvervstyrelsen), Nature Agency (Naturstyrelsen), Eurostat, the European Environment 4 
Agency (EEA), and the Danish Food Composition Databank. Official reports from the Danish 5 
authorities are drawn on as a supplement to statistical data. Scientific journal publications, 6 
specific to Denmark where applicable, were used to establish and/or validate a number of more 7 
specific flows. In individual cases, e.g. the nutrient yield from farm-scale biogas plants, data 8 
reported from businesses or business associations were used. Data sources for individual flows 9 
are listed in the supplementary information in Table A.1. 10 
We used the uncertainty concept introduced by Hedbrant & Sörme (2001), in their 11 
quantification of urban metal stocks, to estimate uncertainties of P flows. We categorised data 12 
sources typically available in a European country on the national and sub-national level (Table 1) 13 
and ranked them according to their estimated reliability. Flows are assigned an uncertainty level 14 
corresponding to an interval established by an “uncertainty factor”, corresponding to the 15 
representativeness and accuracy of the data source and resulting in an estimated uncertainty 16 
range. Since this method produces increasingly asymmetrical intervals as uncertainty increases, 17 
we furthermore used Laner et al.'s (2015) modification for use with the STAN software, to be 18 
compatible with the normally distributed, symmetric intervals used in STAN. In this adaptation, 19 
the uncertainty factors are converted into coefficients of variation (CV); normal distribution is 20 
assumed in STAN. Laner et al. (2015) define the mean value multiplied with the uncertainty 21 
factor as the mean value plus two standard deviations, with a symmetric interval around the mean 22 
corresponding to a 95% confidence interval. Table A.1 shows individual flows and the 23 
uncertainty factors and coefficients of variation associated with them. Unless a data source listed 24 
13 
 
the elementary P flows, this was done for both material (bulk) flows and P concentration to 1 
calculate the uncertainty range of the P flow. While P concentrations of similar material flows 2 
can vary across the country, we also assume countrywide average P concentrations for regional 3 
flows. 4 
 5 
Table 1 Uncertainty concept (based on Hedbrant & Sörme 2000, Laner et al. 2015). We 6 
classify uncertainties in 5 levels, each level corresponding to a factor and a resulting coefficient 7 
of variation (CV). A higher uncertainty level means less reliable data source, and a higher CV. 8 
Uncertainty level Factor CV Source of information 
1 1.3 15.0% Official statistics on a national level for 2011 
2 1.6 30.0% Official statistics geographically up-/downscaled or temporal correlation ± 3 years 
3 1.9 45.0% Scientific literature & technical reports 
4 2.2 60.0% Information published by businesses or plant operators 
5 2.5 75.0% Estimates, or values based on typical/average figures 
 9 
 10 
Data reconciliation in STAN deals with contradictions in uncertain data entered by the 11 
user, i.e. contradictions between input and output flows, by the method of least squares; 12 
reconciled values show the solution after reaching the minimal sum of squares of necessary 13 
changes in the system. Additionally, the statistical uncertainty of reconciled data (compared to 14 
uncertainty ranges entered by the user) is reduced by this process owing to the additional 15 
information available from the entire system (Laner et al. 2015).  16 
Data reconciliation in STAN is weighted by uncertainty; the higher the uncertainty of a 17 
datum, the stronger the possible deviation of the reconciled from the entered value. The 18 
uncertainty factors in the method described by Hedbrant & Sörme (2001) and Laner et al. (2015) 19 
result in an exponential increase of uncertainty ranges with increasing uncertainty levels, and 20 
hence a large difference in uncertainty ranges between high and low uncertainty levels. There is 21 
14 
 
little room for reconciliation of data with low uncertainty factors, and so reconciliation is 1 
concentrated on the few data with the highest uncertainties. We opted for a “flatter” distribution 2 
between low and high uncertainty ranges (Table 1) so as to allow for more distributed data 3 
reconciliation throughout the system.  4 
  5 
3. RESULTS & DISCUSSION 6 
 7 
3.1. Results 8 
 9 
3.1.1. Data uncertainty and data reconciliation 10 
Data reconciliation in STAN resulted in a mean deviation of reconciled from entered 11 
values of 9%. Flows showing large deviations from input to reconciled values were concentrated 12 
around the Industry & trade process; this is due to comparatively high uncertainty regarding 13 
imported, exported and domestically traded non-food products. Conversely, standard deviations 14 
of flow values were reduced overall by 40% as a result of data reconciliation. In the following, 15 
we report flow values as shown in the reconciled STAN model. 16 
 17 
3.1.2. Countrywide phosphorus flows and stocks 18 
Figure 2 shows the P flows in Denmark, on the national scale with flows reported in Gg P 19 
per year, for the base year 2011.  20 
 21 
15 
 
 1 
Figure 2 Phosphorus (P) flows [Gg yr-1] in Denmark for the base year 2011, on the 2 
national scale. Values are shown after data reconciliation. Arrows denote (substance) flows of P, 3 
with flow values and relative uncertainties in oval shapes. Dashed line denotes system boundary. 4 
Stock changes shown in boxes inside processes where applicable. Relative uncertainty (%) 5 
shown for each flow. 6 
 7 
The total P inflow to Denmark was about 56 Gg yr-1, while the total outflow was 37 Gg 8 
yr-1. The surplus, of approximately 19 Gg yr-1, accumulates within the system. The main P import 9 
flows were mineral fertilisers (12 Gg yr-1 or 21% of the total P inflow), food products (8.8 Gg yr-1 10 
or 16% of total inflow) and feedstuffs (35 Gg yr-1 or 63% of total inflow). Food products (33 Gg 11 
16 
 
yr-1 or 59% total P outflow) form the largest P export. A significant part of the P that entered 1 
Denmark in 2011 remained within the system (34% of total P inflow) primarily as addition to 2 
stocks in agricultural soils (13 Gg yr-1 or 68% of total stock increase), in the waste management 3 
sector (3.7 Gg yr-1 or 19% of total accumulation in the system), and in consumption (1.5 Gg yr-1 4 
or 8% of annual accumulation). A major reason for the relatively high P build-up in households is 5 
likely to be home composting in private gardens, as well as fertiliser used on public and private 6 
non-agricultural land. Pet excreta are another part of this accumulation; however, the P quantities 7 
in pet excreta ending on land, or in waste and wastewater management, could not be clearly 8 
determined and traced. Three times the amount of P from compost is applied to private and public 9 
gardens (0.36 Gg yr-1) than to agricultural land (0.11 Gg yr-1). Losses to the hydrosphere are 10 
relatively small, at 1.3 Gg yr-1, or 2% of total annual inflows into the system, in line with the 11 
decreasing trend shown since 1985 by EEA (2005). As is common in SFA studies of P, the 12 
largest turnover of P within the system comprises exchanges between the industry & trade and 13 
agriculture & forestry processes, with aggregated flows more than one order of magnitude larger 14 
than other flows on the national level. Within the agriculture process, manure flows are of a 15 
similar magnitude, with a countrywide total of 23 Gg yr-1. The most relevant internal flows occur 16 
between industry and agriculture, with the largest flows from industry and trade to agriculture 17 
being feed (35 Gg yr-1) and fertiliser (12 Gg yr-1), and the largest flow from agriculture to 18 
industry and trade being food products (32 Gg yr-1). 19 
Denmark relies on import of P fertiliser as the country has no reserves of phosphate rock. 20 
The largest part of the P inflow, however, occurs via feedstuff import to support intensive animal 21 
production. A significant proportion of P in the feedstuff is excreted in the manure from Danish 22 
animal husbandry (in total 23.2 Gg yr-1), which is used to fertilise the agricultural soils where it is 23 
a main contributor to the build-up of P stocks in the agriculture & forestry process. The amount 24 
17 
 
of P re-used within the system from the consumption, wastewater treatment and waste 1 
management processes, in the form of compost, fishmeal and slaughterhouse waste, and sewage 2 
sludge or products thereof, amounts to only approximately 5.4 Gg yr-1. This corresponds to about 3 
10% of the annual P inflow, or 36% of inflows to waste management and wastewater treatment. 4 
Figure 3 shows the accumulation of P in the system as a ratio of total inflows into the system, 5 
divided between regions where applicable.  6 
 7 
 8 
Figure 3 Phosphorus (P) accumulation and losses in the system, % of total inflows to 9 
Denmark. Consumption is only shown for the entire country; the hydrosphere is outside the 10 
system boundary of this study.  The large share of region B is due to its much larger area 11 
compared to A and C. Region A shows a slight P deficit in agricultural soils. 12 
 13 
As Figure 3 highlights, most P inflows accumulate in agricultural soil (13 Gg yr-1). The 14 
main contributor to this process is the feedstuffs inflow at 35 Gg yr-1, and, consequently, the 15 
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production of animal manure applied to the fields at rates in excess of plant removal. On the 1 
country scale, high rates of P accumulation correspond to high numbers of farm animals and 2 
hence manure production; fertiliser imports for crop production are less important except for 3 
region A, where fertiliser P input exceeds manure P. Region A is the only region with a slight soil 4 
P deficit (-0.91 kg ha-1 yr-1). The high contribution of region B to the P accumulation in 5 
agriculture (10), is due to its larger area (see Figure 1) and mix of animal husbandry and crop 6 
production. In the waste management system, P accumulates in the form of landfilled wastes 7 
(mainly incineration slag and ash), and waste and ash used in cement kilns, and hence in 8 
construction; regional differences here are mainly owing to population and industrial density. It is 9 
notable that the accumulation in this sector is, across the country, larger than the accumulation of 10 
P in consumption. 11 
 12 
3.1.3. Regional consideration of phosphorus flows and stocks 13 
 14 
3.1.3.1. Agriculture 15 
Figures 4 a, b and c show the P stocks and flows of the agricultural systems of Denmark, 16 
in absolute amounts of Gg P per year, divided in three regions. Table 2 gives these data for 2011 17 
in absolute values, in kg P per ha of agricultural land, and kg per capita to allow a comparison of 18 
P housekeeping (e.g. intensity of P use and recovery). 19 
 20 
19 
 
 1 
Figure 4a 2 
 3 
 4 
Figure 4b 5 
20 
 
 1 
 2 
Figure 4c 3 
 4 
Figure 4 a, b, c Phosphorus (P) flows in agriculture on a regional scale, given in Gg P yr-5 
1. Values shown after data reconciliation. Regions A, B, C abbreviated as RA, RB, RC in flow 6 
names. 7 
 8 
Table 2 Reconciled flow values of P (from top to bottom: input flows/flows within the 9 
agricultural system/output flows) for the agriculture sub-system, by region (2011). 10 
  
 
Region A Region B Region C 
  [Gg yr-1] 
[kg ha-1 
yr-1] 
[kg cap-1 
yr-1] [Gg yr-1] 
[kg ha-1 
yr-1] 
[kg cap-1 
yr-1] [Gg yr-1] 
[kg ha-1 
yr-1] 
[kg cap-1 
yr-1] 
In
pu
t  
Deposition 0.03 0.05 0.01 0.08 0.05 0.03 0.02 0.04 0.03 
Compost to agriculture 0.05 0.09 0.02 0.05 0.03 0.02 0.01 0.02 0.02 
Seeds & planting material 0.11 0.19 0.04 0.22 0.14 0.09 0.06 0.13 0.10 
Sewage sludge to agriculture 0.74 1.33 0.29 1.34 0.87 0.54 0.32 0.68 0.55 
Industrial waste to biogas 0.02 0.04 0.01 0.15 0.10 0.06 0.06 0.13 0.10 
Fertilizer input 2.88 5.16 1.14 6.50 4.22 2.63 1.46 3.10 2.52 
Feed input 2.73 4.89 1.08 24.55 15.96 9.95 8.94 18.99 15.41 
          
 
        
 Crop uptake 5.92 10.60 2.34 13.87 9.02 5.62 4.27 9.07 7.36 
21 
 
Fodder & feed 3.12 5.58 1.23 6.65 4.33 2.70 2.10 4.46 3.62 
Livestock manure to soil 1.66 2.98 0.66 15.30 9.95 6.20 5.37 11.41 9.26 
Manure to biogas 0.08 0.14 0.03 0.57 0.37 0.23 0.22 0.47 0.38 
Digestate to soil 0.10 0.18 0.04 0.72 0.47 0.29 0.28 0.60 0.48 
                    
O
ut
pu
t 
Leaching & erosion 0.17 0.30 0.07 0.38 0.24 0.15 0.12 0.25 0.20 
Feed production 1.12 2.02 0.44 2.81 1.83 1.14 0.85 1.80 1.46 
Milk & eggs 0.81 1.45 0.32 3.10 2.01 1.25 1.10 2.34 1.90 
Meat & slaughterings 3.30 5.91 1.30 12.24 7.96 4.96 4.34 9.23 7.49 
Plant products (food) 1.61 2.89 0.64 4.28 2.78 1.74 1.29 2.73 2.22 
Wood 0.06 0.11 0.02 0.12 0.08 0.05 0.04 0.09 0.07 
  Balance -0.51 -0.91 -0.20 10.00 6.50 4.05 3.10 6.58 5.34 
 1 
The P flows per hectare and per year illustrate the differences between region A (higher 2 
proportion of crop production) and region C (distinctly higher proportion of animal husbandry 3 
and relatively low crop production) in this study. Region B combines both crop and animal 4 
production; the latter sets it apart from crop-dominated region A. 5 
 6 
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 1 
Figure 5 Phosphorus (P) inflows and outflows per ha of agricultural land, % of total in- 2 
and outflows, to/from the process agriculture. 3 
 4 
Figure 5 shows the individual regional in- and outflows to and from agriculture in relation 5 
to total regional in- and outflows, per hectare of agricultural land. Feedstuff imports are the main 6 
drivers of regional P balances in regions B and C, with fertiliser being the main input only in 7 
region A. In region A, the main inflow is mineral fertiliser, at 5.2 kg ha-1 yr-1 of agricultural land 8 
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(2.9 Gg yr-1) or 44% of the total regional P inflow, with an inflow of feedstuffs of 4.9 kg ha-1 yr-1 1 
(2.7 Gg yr-1); in region C, the situation is reversed with a P inflow of 19 kg ha-1 yr-1 (8.9 Gg yr-1) 2 
in the form of feedstuffs, and an import of P in mineral fertilisers of 3.1 kg ha-1 yr-1 (1.5 Gg yr-1). 3 
Region A shows the highest portion of plant products, feed materials, and wood in overall P 4 
outflows at 5 kg ha-1 yr-1 (2.8 Gg yr-1), whereas animal products dominate even more clearly in 5 
regions B (10 kg ha-1 yr-1; 15.3 Gg yr-1) and C (11.6 kg ha-1 yr-1; 5.4 Gg yr-1); for the entire 6 
country, animal products form the main outflow. The output of manure from the animal 7 
production process generally stays quite local, within the respective region ( Rubæk et al. 2013; 8 
Sørensen et al. 2013). As the substance flow diagrams also highlight, nutrient quantity in manure 9 
holds the most salient potential for fertiliser substitution, although these limitations in transport 10 
currently hinder the most efficient use of manure P on agricultural land. P flows to from farm-11 
scale and joint farm-scale biogas plants, mainly supplied with manure, amount from 3% (region 12 
A) and 9% (region B), to 15% (region C) of mineral fertiliser P inputs in the respective region. 13 
Assuming a 1:1 substitution of mineral fertiliser P by e.g. manure or digestate is a 14 
simplification; in reality, P bioavailability to plants varies between different fertiliser products. 15 
100% recycling is likewise a thermodynamic impossibility; the sizes of P flows are therefore 16 
theoretical upper values with regard to recovery. 17 
On a per hectare basis, P budgets of agricultural soil are similar and distinctly positive in 18 
regions B and C, with soil P stock build ups in region B of 6.5 kg ha-1 yr-1 (10 Gg yr-1), and 6.6 19 
kg ha-1 yr-1 (3.1 Gg yr-1) in region C. Region A shows a slight deficit at -0.9 kg ha-1 yr-1 (-0.5 Gg 20 
yr-1). The P nutrient use efficiency (the ratio of crop uptake to P inflow into agricultural soil) 21 
ranges from 0.77 in region A to 0.80 and 0.74 in regions B and C, respectively.  22 
The differences between the regions stem from a historical concentration of crop 23 
production without associated livestock in the eastern part of the country (Sjælland, Fyn, south-24 
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eastern Jutland; i.e. region A and part of region B in this study). This area is characterised by 1 
more loamy and clayey soils with higher crop yield potentials. Livestock production in the past 2 
30–40 years has become more concentrated in the south-western, western, and northern parts of 3 
the country (Jutland; region C and part of B), characterised by sandy soils (Rubæk et al. 2013). 4 
Specialisation in farming has driven the differentiation in agricultural production systems, 5 
resulting in the differences in P loads associated with either crop or animal production (Rubæk et 6 
al. 2013; Sibbesen & Runge-Metzger 1992) as shown in this study.  7 
 8 
3.1.3.2. Waste management 9 
The waste management sub-systems for the three regions are shown in Figure 6 a to c. 10 
Table 3 shows these flows in absolute values and kg per capita for 2011. Regional differences in 11 
waste management are mainly owing to differences in population, with minor differences also 12 
due to the amount of industrial waste generated. Sewage sludge constitutes the main inflow of P 13 
in each region, with P flows an order of magnitude larger than other individual inflows to the 14 
waste management subsystem; sludge inflows are very similar at 2 Gg yr-1 in region A and B 15 
with similarly sized populations, and 0.5 Gg yr-1 in region C (approximately 0.8 kg cap-1 yr-1in 16 
each region). The P inflow of MSW amounts to about half of the P in sewage sludge in each 17 
region. Since household bio-waste (apart from garden waste) is generally not collected 18 
separately, the two separate flows pertaining to MSW in each region are merely illustrative; the 19 
inflows of P from the biowaste fraction of MSW is approximately a third of the inflow of P from 20 
sewage sludge. The recycling flow mostly comprises slaughterhouse waste, fishmeal and 21 
processed meat and bone meal to be rendered or partly used as animal feed for the fur industry 22 
(Fødevarestyrelsen 2015). 23 
 24 
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 1 
Figure 6a 2 
 3 
26 
 
 1 
Figure 6b 2 
 3 
27 
 
 1 
Figure 6c 2 
 3 
Figure 6 a, b, c Phosphorus (P) flows in waste management on a regional scale, given in 4 
Gg P yr-1. Values shown after data reconciliation. Regions A, B, C abbreviated as RA, RB, RC in 5 
flow names. 6 
 7 
Table 3 Reconciled flow values of P for the waste management sub-system (from top to 8 
bottom: input flows/flows within the waste management system/output flows), by region (2011). 9 
  
Region A Region B Region C 
 
  [Gg yr-1] [kg cap-1 yr-1] [Gg yr-1] [kg cap-1 yr-1] [Gg yr-1] [kg cap-1 yr-1] 
In
pu
t 
MSW residual fraction 0.49 0.19 0.50 0.20 0.11 0.19 
MSW biowaste fraction 0.70 0.28 0.76 0.31 0.18 0.31 
Sewage sludge 1.99 0.79 2.02 0.82 0.48 0.82 
Organic waste 0.31 0.12 0.31 0.12 0.07 0.12 
Industrial solid waste 0.64 0.25 0.75 0.30 0.16 0.28 
                
 Organic waste to composting 0.19 0.08 0.19 0.08 0.04 0.07 
 
Organic waste to incineration 0.12 0.05 0.12 0.05 0.03 0.05 
 
Solid waste incinerated 0.42 0.17 0.77 0.31 0.19 0.32 
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Solid waste landfilled 0.40 0.16 0.37 0.15 0.09 0.15 
 
Sewage sludge landfilled 0.02 0.008 0.02 0.01 0.01 0.02 
 
Sludge incinerated 0.78 0.31 0.34 0.14 0.07 0.12 
 
Incineration slag & ash 1.31 0.52 1.22 0.49 0.29 0.50 
                
O
ut
pu
t 
Recycling 1.01 0.40 0.88 0.36 0.18 0.30 
Compost 0.05 0.02 0.05 0.02 0.01 0.02 
Compost to gardens 0.14 0.06 0.14 0.06 0.03 0.05 
Sewage sludge to agriculture 1.03 0.41 1.51 0.61 0.36 0.61 
Sewage sludge exported 0.16 0.06 0.15 0.06 0.04 0.07 
Emission to air 0.00 0.00 0.00 0.00 0.00 0.00 
Leaching landfills 0.0003 0.0001 0.0003 0.0001 0.0001 0.0002 
  Balance 1.7 0.67 1.6 0.65 0.39 0.67 
 1 
The recovery rate of P in the waste system for use on agricultural land 60% for the entire 2 
country, calculated as the ratio of outputs of recovered P (from compost and sewage sludge or 3 
products thereof), to inputs of sewage sludge and separately collected organic waste. This 4 
assumes that all P in the organic waste stream entering the waste system is recoverable, which is 5 
a theoretical upper limit and unlikely. Due to sludge incineration being concentrated in the 6 
Copenhagen area, the ratio is lowest in region A at 47%, with region B at 67% and region C at 7 
67%. Over 50% of sewage sludge is applied on land, constituting the waste management 8 
system’s main output of P (Miljøstyrelsen 2013b). More than 60% of organic waste, 9 
predominantly plant waste such as garden and park waste (Andersen 2010; Miljøstyrelsen 2014) 10 
is composted. Relatively little compost is used on agricultural land: compost P flows to 11 
agricultural use constitute only a third of the flows to private and public non-agricultural land. P 12 
accumulation in the waste management system is due to P accumulating in landfills via landfilled 13 
incineration residues, or incineration slag & ash used in construction (i.e. the cement industry). 14 
This is the main pathway for losses of otherwise potentially recoverable P in the waste system. In 15 
terms of regional per capita waste streams, this accumulation is comparable across regions at 16 
approximately 0.7 kg cap-1 yr-1. 17 
 18 
3.2. Discussion 19 
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In a European context, the Danish case is typical in its high dependence on imports of P in 1 
fertiliser and feedstuffs. Compared to the EU-15 as an aggregate (Ott & Rechberger 2012), 2 
Denmark is characterised by higher per capita imports of P-containing goods other than primary 3 
P, and by P in food exports surpassing the amounts of fertiliser imported. The external trade and 4 
turnover of secondary P therefore plays a comparatively large role. In comparison to a recent 5 
study of the Austrian P budget (Egle et al. 2014) the predominance of feedstuff imports to 6 
support intensive animal husbandry in Denmark is even more salient. In the relative importance 7 
of feedstuff imports, Denmark more closely resembles the Swiss case (Binder et al. 2009; 8 
Lamprecht et al. 2011), although Danish food exports per capita (mainly animal products) clearly 9 
surpass both those of Switzerland and Austria. The imports in food and feedstuffs (a total of 44 10 
Gg yr-1) compared to mineral fertiliser (12 Gg yr-1), furthermore, point to potentially recoverable 11 
P in organic wastes from the food production system and the resource potential of animal 12 
manure. On the national level, the ratio of out- to inflows in Denmark is 0.66. For the entire, EU-13 
15, this ratio is 0.27 (Ott & Rechberger 2012); an explanation for this is Denmark’s relatively 14 
high export of food (mainly, meat and dairy products). 15 
A regionally differentiated study of the agriculture in four selected French regions, which 16 
lends itself to comparison with the present study, was conducted for the base year 2006 by 17 
Senthilkumar et al. (2011). In the French case, crop production is nearly the same in absolute 18 
terms across all examined regions; differences in the P flows and stocks are due to different 19 
animal densities in the regions, and the production of fodder versus food crops; this corresponds 20 
to the contrast between regions A and C considered in this study. Danish regional soil P budgets 21 
are comparable to the French case; both also correspond to differences in animal farming. The 22 
predominance of crop or animal farming in region A and region C, respectively, appears more 23 
pronounced than in any of the examined French regions. In terms of P nutrient use efficiency (the 24 
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ratio of crop production to soil inputs), the Danish average (0.7) is similar to that of the four 1 
French farming regions examined. 2 
With respect to waste management and P recovery, studies of UK food production and 3 
consumption and French waste management (Cooper & Carliell-Marquet 2013; Senthilkumar et 4 
al. 2014) show similar utilization rates for sewage sludge P on agricultural land. Danish sludge P 5 
utilization in agriculture of over 50% is higher than that in France 2006 (48%), and lower than 6 
that in the UK 2009 (71%), although higher Danish claims of over 70% also exist (Miljøstyrelsen 7 
2013a). The P quantity of the entire amount of sewage sludge produced in Denmark equals 42% 8 
of P in mineral fertiliser imports, corresponding to the findings in the Austrian case (Egle et al. 9 
2014). In the case of Switzerland (Binder et al. 2009), use of sludge on land is legally constricted 10 
and was phased out; only 8.6% of sludge P was re-used in 2006, with none used at present. The 11 
French case highlights the potential of P recovery from the biowaste fraction of municipal waste: 12 
49 % of P in municipal waste was recovered from household bio-waste. The corresponding 13 
Danish amount (i.e. the total P quantity in household biowaste; see Section 2.2.2.) is 14 
approximately 60% of P in MSW that is currently not utilised, although P is recoverable from 15 
this flow (e.g. composting). This amounts to a country-wide average potential of approximately 16 
14% of the P in mineral fertilisers applied. Even if all of the P in household biowaste was 17 
recovered and made fully as available as a substitute for mineral fertiliser P, it would only 18 
potentially substitute up to 1.6 Gg P out of the total 12 Gg of mineral fertiliser P imported for 19 
agriculture. A complete recycling of sewage sludge P to agriculture would add another 2.6 Gg of 20 
P, so a total potential of less than 40% of current mineral fertiliser P imports.  21 
 22 
Table 4 Additional non-recovered P quantities in sewage sludge and the MSW biowaste 23 
fraction (2011), countrywide and within the respective region. The table shows the non-recovered 24 
P amounts in Gg P yr-1, and in % of mineral fertiliser P applied. 25 
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  Denmark Region A Region B Region C 
Sewage sludge  P [Gg P yr-1] 1.59 0.96 0.51 0.12 
% of applied mineral fertiliser P 15% 33% 8% 8% 
     MSW biowaste fraction [Gg P yr-1] 2.23 0.70 0.76 0.18 
% of applied mineral fertiliser P 21% 24% 12% 12% 
 1 
A more efficient use of recoverable P sources is to a large part a distribution and policy 2 
problem; at present, virtually all recovered P stays local. Table 4 shows the intra-regional 3 
additional amounts of P in two waste streams: P in the biowaste fraction in MSW, and P in the 4 
fraction of sewage sludge not used on agricultural land. Sewage sludge is most abundant in the 5 
east of the country (region A in this study), with the country’s largest urban agglomeration, 6 
highest proportion of crop production in agriculture, and highest mineral fertiliser use; the highest 7 
amounts of sludge P coincide with a high potential for substitution. The recycling rate of total P 8 
to land by direct application of sewage sludge is higher than 95%; however, the large volumes of 9 
sludge reduce possible transport distances (Lederer & Rechberger 2010; Miljøstyrelsen 2013a). 10 
Sludge mono-incineration is likewise concentrated in region A (all three Danish facilities); 11 
separate disposal of mono-incineration ash for later recovery of P can reduce these volumes and 12 
may reduce transport distances in the future. Possible barriers to the use of sewage sludge on 13 
agricultural land are contaminants, especially heavy metals. Lederer & Rechberger (2010) show 14 
that the transfer of these substances to agricultural soil from either directly applied sludge or ash 15 
is similar. While data on the amounts of sludge fulfilling the requirements were not freely 16 
available, the authorities report that most sewage sludge is within the legal contaminant limits 17 
(Miljøstyrelsen 2013b). Of course, other environmental harm is caused by the emissions from 18 
transportation of sludge or products thereof. Building on an MFA identifying relevant quantities 19 
of recoverable P in a geographical region’s waste streams, a more detailed mapping (see e.g. 20 
GIS-based approaches such as Wallsten et al. (2013) for copper stocks in Norrköping, Sweden) 21 
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of distributable P amounts can thus be useful to plan for the location and capacities of treatment 1 
facilities and minimize further environmental impacts from transport. 2 
At present, slaughterhouse waste is predominantly incinerated, with the exception of the 3 
use as feed in the fur industry concentrated in the west and northwest of Denmark, and use in 4 
biofuel production. Citing an approximate total amount of 3 Gg of P in slaughterhouse waste, the 5 
Danish Environmental Protection Agency (Miljøstyrelsen 2013a) suggests separate incineration 6 
of slaughterhouse waste and storage of incineration ash, as also suggested for sewage sludge, to 7 
build up “phosphorus banks” for later treatment and recovery of P from incineration ashes with 8 
relatively high P concentrations. This has likewise been suggested e.g. for Switzerland 9 
(Lamprecht et al. 2011). In the case of slaughterhouse waste, especially meat and bone meal, 10 
risks from animal-borne disease are in conflict with the objective of increased P recycling In the 11 
Swiss case, however, a precautionary ban on fertilizer use also extends to sewage sludge (due to 12 
the risks posed by micropollutants). 13 
The transport problem is more pronounced in the case of manure. For improving societal 14 
P use efficiency, current regulations, economic incentives and technical solutions for enhanced 15 
relocation of animal manure P from farms with manure P surplus to farms where it can substitute 16 
mineral fertiliser P will be crucial. Centralised biogas plants do not contribute to the 17 
redistribution of recovered P as such, but may eventually become a vehicle for transforming the 18 
manure P relocation issue, if the right technologies (e.g. mechanical separation) are implemented 19 
in conjunction with the biogas plants. The Netherlands is an example of a manure policy 20 
involving transport of manures over long distances. 23% of the manure produced is transported to 21 
crop-producing farms within the country, up to a distance of approximately 150 km in the case of 22 
liquid manure, and exported 300 km after mechanical separation or digestion/drying (Leenstra et 23 
al. 2014). When compared to the Danish situation, transport distances within the country 24 
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(between region C and A in this study) are up to 400 km. Eliminating the P surplus of 3 Gg in 1 
region C (balancing the regional P budget) would correspond to 14% of total manure produced in 2 
the country. 3 
The goal of this study was the identification and quantification of P flows and stocks from 4 
a resource recovery perspective. Complementing an MFA of P as a resource, a similar sub-5 
national, regional approach in MFA can elucidate the environmental harm potential of regional P 6 
management, taking into account the sinks of P losses, as well as soil types and the leaching 7 
behaviour of P from those soils. 8 
 9 
4. CONCLUSIONS 10 
As the substance flow diagrams in this study highlight, nutrient quantity in manure holds 11 
the most conspicuous potential for mineral fertiliser substitution, although it is currently not 12 
recycled in the most effective way.  13 
Conversely, a more extensive recovery and use of P from sewage sludge by either direct 14 
application on land or application after further treatment appears to be the most meaningful 15 
option for more efficient P management in Sjælland and the capital region (region A), where high 16 
amounts of sewage sludge and other P-rich wastes coincide with the largest proportion in crop 17 
production and mineral fertiliser use, pointing to a considerable additional substitution potential. 18 
The P from sewage sludge currently used on land amounts to 20% of P imported in 19 
mineral fertilisers. The amount of P from organic household and green waste, as compost, 20 
presently used on agricultural land is negligible at 0.9% of fertiliser imports. The biowaste 21 
fraction of household waste is currently not collected separately and hence unused by agriculture, 22 
constituting an entirely unused potential of 14% of mineral fertiliser P imports. The current 23 
contribution to nutrient provision of farm-scale and joint farm-scale biogas plants by land 24 
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spreading of digestate originating mostly from farmyard manure, and the manure flows to the 1 
facilities, is still relatively minor compared to fertiliser use and direct application of manure, at 2 
9% of mineral fertiliser P applied. Biogas may play a more important future role in creating more 3 
transportable recycled P products. 4 
Current potential amounts of recoverable P cannot be expected to change the reliance on 5 
mineral P. In terms of total P amounts, there is considerable potential in the waste management 6 
system to substitute mineral fertiliser imports, although the relevant individual flows are 7 
generally more than one order of magnitude smaller than P flows in mineral fertiliser and 8 
manure, with sewage sludge holding the highest potential. This regionalised study shows the 9 
varying potentials of putting recovered P to its most efficient use: utilizing recovered P is still a 10 
largely local issue. Availability of manure is highest in the regions with the least demand, so this 11 
requires technologies for processing and concentration of manure nutrients into tradable and 12 
transportable fertilisers. Distribution for more efficient re-use of P is thus a policy problem, since 13 
transport distances for farmyard manure, and sludge or sludge products, are currently limited to 14 
the local scale.  15 
 16 
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